Abstract Nixtamalized maize tortilla is a basic food for the Mexican population. It has high energy due to high starch, which may be modified to decrease its bioavailability and to produce changes in the characteristics of flours. For this research, nixtamalized maize flour was prepared and subjected to an acetylation chemical process, with and without prior hydrolysis. Raw maize flour, traditionally nixtamalized maize flour, acetylated-nixtamalized maize flour (AF) and acetylated-hydrolyzed nixtamalized maize flour (AHF) were prepared and evaluated. These flours were used for dough and tortilla preparation and analyzed for degree of substitution (DS), physicochemical properties, structure, thermal, rheological, morphological and texture properties. FTIR spectra and DS showed the presence of acetyl groups. AHF showed the highest value for water absorption index. The resistant starch increased 0.27 and 0.42% for AF and AHF samples. The gelatinization enthalpy (DHg) for AF was greater than other flours. AF tortillas showed better characteristics than the traditional ones and their consumption was recommended since showed better RS.
Introduction
In Mexico, about 12 million tons of tortillas are consumed every year (292.6 g/day per capita). They are elaborated from fresh dough or nixtamalized maize flour, by the traditional method (TF) (Ruiz-Gutiérrez et al. 2010 ). The TF is the most popular method for its time saving during the preparation of the desired products and its homogeneous quality (Billeb de Sinibaldi and Bressani 2001) . Maize tortilla is biochemically constituted mainly of starch (& 72/100 g), and in Mexico, where it is considered the staple food, it provides up to 70% of the calories in the daily dietary intake of population. Nevertheless, Mexico occupies the first place in overweight and obesity in the world since 2010, derived from the high consumption of this product and other incident factors, nowadays considered a national concern.
To solve this problem, the consumption of nixtamalized maize flour with its modified starch has been investigated. Murúa et al. (2009) reported that in the digestive process, these modified starches act as fiber instead of being an energy source. A chemical method for modifying starches is the chemical acetylation. The acetylation is performed when the native starch is transformed in starch acetate by the containing amylose and amylopectin esterification of the OH-groups (Rutenberg and Solarek 1984) . The food industry commonly uses this type of starch as an enhancing additive to the properties of a variety of products. There are several researches published on the pure maize starch acetylation but there is no information about acetylation of nixtamalized maize flour or cereals grain flour. These flours contain chemical compounds such as proteins, lipids, fiber, carbohydrates, etc., besides starch, which may react with the chemical reagent used to modify starches and can lead to significant changes in their properties and behaviors. In this research, the preparation conditions and changes analysis in the physicochemical, rheological, microstructural, thermal and textural properties of chemically modified flours by acetylation, as the dough and tortillas made with them, were reported; taking as reference the same materials prepared by the traditional method.
Materials and methods
Celaya maize grains (dented type), produced in Apaseo el Grande, Guanajuato, Mexico were used. The chemical reagents were Baker TM brand.
Maize grains nixtamalization and attaining of the dehydrated flour Acetylated-nixtamalized and acetylated-hydrolyzed nixtamalized maize flour preparation A part of the TF sample was acetylated with the chemical method described by Phillips et al. (1999) , and AF was obtained. A different part was hydrolyzed according to the methodology described by Zambrano and Camargo (2001) , later acetylated with the same method, obtaining nixtamalized-hydrolyzed-acetylated maize flour (AHF). Flours were stored in refrigeration (4°C), wrapped in sealed polyethylene bags until usage.
Acetyl groups content and degree of substitution
The acetyl group content (% acetyl) was considered as the basis for determining the degree of substitution (DS) in starches of the modified flours evaluated in this research, and it was obtained with the methodology described by Würzburg (1964) 
ð Þ %Acetyl ð Þ 162 = molecular weight of anhydroglucose unit, 4300 = (100) (molecular weight of acetyl group (CH 3 -C=O)) and 42 = (molecular weight of the acetyl group (CH 3 -C=O)) -1.0
Dough and tortillas preparation
Enough water was added to all flour treatments until a dough consistency, suitable to shape tortillas, was obtained. With this mixture, tortillas with 12.5 cm diameter and 1.2 mm thickness were prepared in a manual roller tortilla maker. Tortillas were baked on a steel hot plate named ''comal'' at a temperature of 280 ± 10°C, then cooled to 27°C and were stored in polyethylene bags, sealed, until evaluation.
Fourier transform infrared spectroscopy (FT-IR) spectra of flour
This technique was performed with a spectrometer (Perkin Elmer Spectrum 69 USA), using dry flour samples mixed with KBr in a flour/KBr ratio of 4:1. The mixture was compressed to a tablet, which was analyzed, and the absorbance obtained was in a range of 4000-400 cm -1 resolution.
Physicochemical characteristics of flours
The mean particle size (MPS) was determined by the method described by Arámbula et al. (1998) . The bulk density (q) was obtained by the 55-10 of AACC (2000) method. The water absorption index (WAI) and water solubility index (WSI) were determined by the method described by Anderson et al. (1969) 
Microstructural characteristics
X-ray diffraction, relative crystallinity and morphology
The X-rays diffraction analysis was performed using a Rigaku DMAX 2200 diffractometer (Tokyo, Japan), with Cuk radiation, 40 kV voltage, 10 mm graphing, running speed of 2h/min in 20 min. Flour samples were conducted through a No. 60 mesh (Mont-Inox. USA) placed in the sample holder, and a 4°-60°in 2h scale scanning was made. Then, it was proceeded to calculate the relative crystallinity as follows: from X-ray diffractograms, the total area under the curve was obtained, including peaks; then the non-coherent diffraction (zone without peaks) area was subtracted, and divided by the area under the curve of the RF peaks and multiplied by 100. The RF peaks area was considered as the base with 100% crystallinity. To determine the morphology of samples, an environmental scanning electron microscope (ESEM. Philips model XL30, Czechoslovakia) module with low vacuum electron beam at 15 kV current detector type GSE with a spotsize laser 4.5 was used. The zoom was made to 5000X.
Thermal properties of flours
Thermal parameters were studied with a DSC-822a, Mettler-Toledo (Switzerland) calorimeter. 3 mg samples previously screened with a 60 mesh (Mont-Inox, USA) were placed in a low-pressure aluminum crucible; 7 lL of distilled water were added and were sealed for analysis. The test conditions were: heating range, 30-100°C, and heating rate, 10°C/min. The maximum temperature (Tm), and the gelatinization enthalpy (DHg) were determined using the obtained thermograms.
Viscosity profile of flours
The viscosity profile of flours was determined with a Rapid Visco Analyzer equipment (RVA, mod. 3 C, Newport Scientific, Ltd. PYT Sydney, Australia) using samples of 3 g, adjusted to 14/100 g moisture content and adding the necessary distilled water to achieve a total weight of 28 g. The following heating and cooling cycle was applied: 1 min at 50°C, increasing the temperature to 92°C at a rate of 5.6°C/min (7.5 min), remaining 5 min at the latter, and then decreasing the temperature to 50°C at the same speed, remaining at that temperature for 1 min, for a 22 min total test time. The maximum and retrogradation viscosity were determined for the samples obtained. Two repetitions measurements were made.
Physicochemical and texture characteristics, and dough yield
The moisture content of tortilla and dough were performed according to the AACC 44-19 official method (AACC 2000) . The dough texture (cohesion and adhesion force) was determined according to the methodology described by Arámbula-Villa et al. (2001) , using a TA-XT2 (Texture Technologies Corp., Scarsdale, N.Y./Stable Micro System, Godalming, Surrey, UK) texture analyzer with a TA-18 accessory (1.27 cm diameter stainless steel sphere). The maximum compression force (cohesion) and tension (adhesion) were reported. The dough yield was expressed based on 1 kg of flour used.
Physicochemical and texture properties, and tortilla yield
Weight loss (expressed as percentage) during cooking (WLDC) for tortillas was measured by weight difference of each tortilla, before and after the cooking process. The total color difference (DE) of tortilla was performed with the same methodology, as described for flours. The tensile strength and cutting force for freshly made tortillas were determined with the same equipment used to measure the dough texture, using the TA-96 accessories, retainer clips and TA-90 (3 mm thick and 6.33 mm wide flat blade), respectively, according to the method described by Ará-mbula-Villa et al. (2001) . Each test was done with 4 repetitions. The tortillas yield was determined based on 1 kg of flour used.
Experimental design and statistical analysis
The experiment was conducted completely randomized with three replications. Results were tested by analysis of variance (ANOVA), and by the test of means multiple comparisons of Tukey, with p \ 0.05 significance, using the program Statistical Analysis System 9.0 (SAS 1999).
Results and discussion Fourier transforms infrared spectra (FT-IR) of flours
Raw maize (RF), nixtamalized (TF) and modified (AF, AHF) ( Fig. 1) showed signals by FTIR (spectrograms), corresponding to characteristic vibrations of main groups of starch molecules, proteins, lipids and other compounds that form them (Li-Chan et al. 2002) . A comparison between RF and TF ( Fig. 1) showed that the main bands of TF treatments were less intense than those shown by RF, caused by the chemical changes originated during the nixtamalization process. TF treatment showed lower intensity than RF. In both flours a broad absorption band from 3500 to 3000 cm -1 was displayed, which relates with the stretching of OH-group, characteristic of water structure (Li-Chan et al. 2002) . The absorption band at 3009 cm -1 , corresponding to the C-H group of the RF decreased its intensity. Both flours presented another absorption band at 2854 cm -1 , although less intense in the TF, and corresponded to the tension of CH 4 groups. The bands at 1563 and 1546 cm -1 indicated the presence of N-H bending and C-N stretching vibrations, which belongs to secondary amides (Stuart 2004 ) and showed a decrease attributed to the nixtamalization process. In both flours, there were also observed several absorption bands at 1153, 1070 and 995 cm -1 , attributed to C-O stretching vibration, which decreased for TF. Skoog et al. (2001) mentioned similar results. In the same figure, spectrograms of TF versus AF and AHF were compared. The band intensities in the region, from 700 to 400 cm -1 , which are associated with C-O-C groups and forms the skeleton of amylose and amylopectin (Flores-Morales et al. 2012) , increased due to chemical changes caused by the acetic anhydride. Furthermore, the bands in 900-1380 cm -1 range, corresponding to the stretching vibrations of C-O bond, increased its absorbance only after being acetylated. This band did not show in the TF. In the absorbance region, associated with proteins-carbohydrates, just an increase in the band 1546 cm -1 for AF and AHF was showed, attributed to the II amide group (Li-Chan et al. 2002) . The association of the molecules that compose the starch granule depends on its availability and from the association, by hydrogen bridge link, with proteins, vitamins and lipids. In this research, an increase in the band at 1740 cm -1 , corresponding to C=O stretch vibration of carboxylic ester carbonyl group and carbonyl group of the acetyl moiety (Cremer and Kaletunc 2003) in AF and AHF was observed. This band did not show in the TF, so this suggests the incorporation of the acetyl group to the carbonyl group of starch (Singh et al. 2004; Flores-Morales et al. 2012 ) and the other molecules contained in the TF. These results agreed with those reported by Bello-Pérez et al. (2010) who reported vibration of the carbonyl group present for acetylated pure starch and indicated that the signal become larger after being treated. Singh et al. (2004) , reported a band at 1733.5 cm -1 , for acetylated maize starch, slightly at lower wave number. It was also observed that, after acetylation, the signal at 1740 cm -1 was more intense for both flours (AF and AHF), being higher in the AHF than for the rest of the samples, which confirmed the acetyl group presence within the TF.
Degree of substitution (DS)
The DS (Table 1) increased from 0 for TF to 0.151 for AHF. The difference may be attributed to the higher size and fragility of starch granules of AHF (Singh et al. 2004) , which presented a greater number of feasible OH-groups to react due to the acid hydrolysis to which was subjected before acetylation. The values found were similar to those reported by Singh et al. (2004) and Lawal et al. (2015) , who reported DS of 0.133 and 0.137 respectively for pure acetylated maize starch, against 0.088 determined in this research, regarding that the flour contains about 70.4% (w/ w) starch, the above value was equivalent to a substitution degree of 0.125 for pure starch. Mormoghtadaie et al. (2009) , reported similar values of DS between 0.11 and 0.24 for oat starch. 
Physicochemical properties of flour
The MPS of flours (Table 1 ) showed significant differences (p \ 0.05) among all treatments. The formation of coarse particle size for AF and AHF flours during the acetylation and hydrolysis-acetylation processes, respectively may be attributed to removal of, soluble compounds caused by water rinsing and, aggregates (mainly starch) of small particles clusters of the material (Singh et al. 2004 ). Furthermore, with the acetic anhydride reaction and the acetic groups joining the OH's exposed in the starch molecules, the starch molecular weight increased when the acetates were formed (Raina et al. 2006) . Bulk density showed a positive correlation with MPS. This variable changed from 0.48 to 0.62 g/mL, with significant differences (p \ 0.05) among samples, having the acetylated flours the highest values. WAI was higher for AHF than the rest of the samples, because such of acid hydrolysis, which produced a high relative degradation into the amorphous regions of starch molecules. This caused more exposure of OH's groups, which reacted with the acetyl groups and subsequently, during the hydration, interacted with the water molecules forming gel (Jheng-Hua et al. 2012) . WSI values showed significant differences (p \ 0.05) among samples, being TF the highest value. These differences were also produced by the rinsing method used to modify (AF and AHF). In this step, the soluble compounds of flours were discarded along with the rinsing water. The amounts of soluble compounds, determined in the acetylated flours, were lower than those found in untreated flour.
TF showed the highest value of pH (8.2), compared with AF and AHF (pH = 5.2). This decrease in the pH was observed with the acetic anhydride and acid addition during acetylation and hydrolysis-acetylation processes for AF and AHF samples, respectively. The moisture content of flour showed no significant difference and the values were within the range considered as safe for storage (\ 12% w/w) (SCFI 2002) . The color of AHF was the whitest (the smallest value of DE). The differences depended mainly on the presence of fragments of pericarp which reacted with the lime added during nixtamalization and produced a yellow color (Salinas and Pérez 1997) , besides the rinsing application during the acetylation process for AF and AHF. Resistant starch (RS) of TF was the result of the nixtamalization and milling processes of maize grain. In case of acetylated flours, the RS content increased due to the chemical replacement of OH's groups by the acetyl groups, which modified the spatial configuration of amylose and amylopectin molecules, making them inaccessible to degradation by amylases, resulting in a less bio-assimilable material. These values were similar to those reported by Rendón et al. (2002) . The changes in total fiber content in the flours may be attributed RS that was formed and whose behavior is fiber-like, and (2) after nixtamalization process, a lessening occurred due to the rinses applied as part of the acetylation process. Total fiber was lower for AF and AHF than for TF, showing significant differences (p \ 0.05) among them.
X-ray diffraction and relative crystallinity of flours
All evaluated flours showed an X-ray diffraction pattern type A and V-polymorphous, characteristic of maize starch (Fig. 2) . The crystallinity peaks corresponded to 3.8, 4.4, 5.1 and 5.8 Å interplanar spacing. AHF showed the small relative crystallinity, 24% (a decrease of 76%), followed by AF (35%), and TF (34%). The results were similar to those reported by Mondragón et al. (2004) , who concluded that the acetylation occur in amorphous regions of maize starch, mainly with the amylose.
Micrographs of flours
The hemispherical structures, in Fig. 3 , correspond to starch granules, and the continuous phase to the other components (protein, lipids, etc.) . The starch granules in TF were embedded in the protein matrix and had oval, pentagonal and hexagonal shapes with flat surface. In AF (Fig. 3b) , starch granules showed surface defects, and Mean of three replicates. Values with same letter in same column are not significantly different (Tukey, p \ 0.05) TF, traditionally nixtamalized maize flour; AF, acetylated-nixtamalized maize flour; AHF, acetylated-hydrolyzed nixtamalized maize flour; DS, degree of substitution; MPS, mean particle size; q, density; WAI, water absorption index; WSI, water solubility index; MC, moisture content; DE, total color difference; RS, resistant starch; TF, total fiber; Tm, maximum temperature; DHg, gelatinization enthalpy; MV, maximum viscosity; RV, retrogradation viscosity the continuous phase became a smaller amount extant due to the removal of the soluble components of flours during the rinse in the acetylation process. In AHF (Fig. 3c ) the starch granules showed fractures and abrading on the surface, in addition to particulate aggregates, suggesting that after acetylation process, a fusion of starch granules with the protein matrix was produced. This can be attributed to the reaction of granule surface molecules with the acetic anhydride, and reaction of the acetyl groups with OH-groups of exposed starch molecules. Some of the acetylated granules showed depressions that produced thereof fragmentation (Fig. 3b, c) . Singh et al. (2004 Singh et al. ( , 2007 reported similar observations for potato and maize starch, respectively. These effects were most noticeable in the starch granules of AHF (Fig. 3c) , because the structure showed strong surface defects, even the granules were more dispersed.
Thermal and rheological properties of flours
The maximum gelatinization temperature (Tm) for acetylated flours (AF and AHF) ( Table 1) showed significant differences (p \ 0.05) with TF, and their values were comparatively lower. Similar results were reported by Singh and Singh (2001) and Singh et al. (2002) for maize starch attributed to the differences in their granular structure and amylose content, and the presence of lipids. Noda et al. (1998) mentioned that the low Tm values of modified starches reflect the presence of abundant short chains of amylopectin in the granule.
Furthermore, the gelatinization enthalpy (DHg) of acetylated flours (Table 1) showed lower values respect to TF and were all found with significant differences (p \ 0.05). This was mainly due to the fact that the starch of flour sample was structurally very modified during the acetylation and hydrolysis-acetylation process. This may be attributed to the presence of hydrophilic substitution groups and the increase in hydrogen bonding in starch molecules, which favored gelatinization at low temperature (Singh et al. 2004) . Jheng-Hua et al. (2012) reported concordant results and concluded that acetylated starches required less energy for its gelatinization. The viscosity profiles of TF and AF showed the highest maximum viscosity values (Table 1) , similar to those reported by Rincón et al. (2007) for pure hydrolysates-acetylated starch. Although the rheological values were low, all flours showed good ability to form the dough and tortillas. Regarding the retrogradation viscosity (RV), the lowest values were for AHF, indicating a low hardening for the tortillas after being prepared and stored (Rincón et al. 2007 ).
Physicochemical, rheological and texture characteristics of dough and tortillas made with modified-nixtamalized flours
The moisture content of dough (Table 2) only showed significant differences (p \ 0.05) between dough made with TF (TD) and the one prepared with AF (AD). The cohesion and adhesion showed significant differences (p \ 0.05) between the TD and acetylated dough (AD) and dough made with AHF (AHD), although the values remained within the range reported as suitable for shaping as tortillas (Ramírez-Wong et al. 1994) . The main changes were in adhesion, probably due to the fact that during the acetylation process the TF lost a lot of soluble solid and increased, in proportion, the amount of starch, increasing the adhesion or stickiness (Ramírez-Wong et al. 1994; Arámbula-Villa et al. 2001 ). The dough performance showed no significant differences (p \ 0.05) for the three types of flours. Both Table 3 , the weight loss during cooking (WLDC) showed only significant differences (p \ 0.05) between tortillas made with TF (TT) compared to the rest. The values were within the range reported by Arámbula-Villa et al. (2001) and Salinas and Pérez (1997) considered normal during the tortilla cooking process. Moisture content showed significant differences (p \ 0.05) among all samples. WLDC and moisture content of tortilla (Table 3) are closely related. High values of WLDC were related to low, the moisture content of tortilla (Arámbula-Villa et al. 2001 ). The total color difference (DE) for tortillas (Table 3 ) also showed significant differences (p \ 0.05) among all samples. AHT and AT had DE with values closer to white. TT was slightly yellow. This coloration may be caused by the presence of Ca ? ions, which reacted with the hemicellulose of residual pericarp during the nixtamalization process.
The tensile strength and cutting force (Table 3) were lower for the AHT, with 112 and 478.9 g, respectively, compared with TT, which presented values of 237.2 and 1210.1 g. These values were in accordance with those reported by Gaytán-Martínez et al. (2011) . These authors reported average values of 200 and 800 g for tension and shear, respectively, for tortillas made with white maize processed by the traditional method. The acetylated-nixtamalized flour produced tortillas yields of 6.7%, on average, lower than those obtained for TT, and the values showed significant differences (p \ 0.05) among the AT, AHT, and the TT. The performance values of the three types of tortillas were within the ranges reported as suitable by other researchers (Arámbula-Villa et al. 2001; Gaytán-Martínez et al. 2011 ).
Conclusion
The infrared spectrograms of acetylated flours showed five main bands affected by acetylation process, 1743, 1503, 1392, 1087 and 1059 cm -1 . The degree of substitution for nixtamalized maize flour increased after hydrolyzed. The starch granules of acetylated flour showed structural changes due to the chemical modification, and showed greater ease for gelatinization as the gelatinization temperature decreased and less amount of energy needed for this phenomenon. Dough made with acetylated flour showed adequate cohesion and adhesion characteristics for tortilla shaping. The tortillas made with these flours showed better characteristics than those made with traditional flour, so their consumption is widely recommended, since has better nutritional properties. TT, tortilla from traditionally nixtamalized maize flour; AT, tortilla from acetylated-nixtamalized maize flour; AHT, tortilla from acetylated hydrolyzed-nixtamalized maize flour; WLDC, weight lost during cooking
